Graphene (GR) has excellent physical and chemical properties, making it promising for application in supercapacitors. In this study, we report the synthesis of spherical GR (SGR) composed of tens of GR sheets and its application in supercapacitors. Graphene oxide (GO) was first reduced in the liquid phase by using L-ascorbic acid (L-AA), an environmentally friendly reducing agent, and then SGR was prepared using the reduced GO colloid by aerosol spray drying. The reduction of GO in the liquid phase was completed in 1 h. The SGR fabricated by the aerosol process ranged from 2 to 4 lm in diameter. The asprepared SGR fabricated from GO at pH 2 showed a densely packed spherical morphology and porous structure with a specific surface area of 150 m 2 /g. The SGR fabricated from the GO colloid at pH 10 showed an improved specific surface area (216 m 2 /g) and a higher specific capacitance (182 F/g) than the SGR fabricated at pH 2. Considering the environmentally friendly process, the as-prepared SGR is a highly promising material for supercapacitors.
Introduction
Graphene (GR) is a two-dimensional material composed of sp 2 bonds between carbon atoms. It has a high surface area (2630 m 2 / g), excellent electrical conductivity, and excellent physical and chemical stability [1, 2] . GR with these excellent properties is widely used as a material for solar cells [3] , biosensors [4] , and energy storage devices [5, 6] . Therefore, various studies have been conducted to develop better methods for its production and investigate its potential applications. So far, GR has been obtained by physical methods, such as chemical vapor deposition (CVD) or the micromechanical exfoliation of graphite, and chemical methods, such as the oxidation of graphite, the liquid phase exfoliation of graphite or the reduction of graphene oxide (GO) [7] . Among these methods, chemical methods are considered more useful due to low manufacturing cost and high yield. Chemical methods can be scaled-up for production at a relatively low processing cost and are more likely to be commercialized than other methods [8, 9] .
Chemical reduction of GO using reducing agents, such as hydrazine, sodium borohydride, sodium hydride, ascorbic acid, hydroiodic acid, hydroquinone, and so forth, is the most widely used method to prepare GR. Although hydrazine has been widely used as a reducing agent to prepare GR, it is highly poisonous and explosive [10] . Sodium borohydride can also reduce GO, but it has the disadvantage that it requires complicated processes to remove reaction byproducts [11] . Therefore, it has been suggested that L-ascorbic acid [12] , dextran [13] , glucose [14] , urea [15] and so forth can be used as harmless and environmentally friendly reducing agents. Among these materials, L-ascorbic acid (L-AA) is highly soluble in water, and it shows superior reduction capability in comparison with other reducing agents [16] . Zhang et al. reported the application of supercapacitor electrodes using rGO by L-AA. They obtained threedimensional (3D) structured GR by the chemical method, which showed a strongly restacked sheet arrangement with a wrinkled texture. As a result, it provided a low specific surface area of 11.8 m 2 /g, and specific capacity of 128 F/g at a current density of 50 mA/g [17] . Thus, it is noted that the restacking between the GR sheets reduces the specific surface area, which increases the resistance and degrades the excellent physical properties of GR. Therefore, 3D structures with less aggregation are more suitable than stacked 3D structures for energy storage systems because they can improve the superior intrinsic properties of GR sheets, such as large surface area, novel physical properties, and structural stability [18] [19] [20] [21] .
In this work, we report the eco-friendly fabrication of 3Dstructured SGR composed of less stacked GR sheets and mesopores by pH control and following aerosol process. The SGR was prepared by a two-step process, which comprised liquid phase reaction using L-AA for GO reduction followed by spray drying to obtain the spherical morphology of GR. The effect of pH in the liquid phase reaction on the morphology and material properties of SGR was investigated. We then assessed the electrochemical performance of supercapacitors using the as-prepared SGR in a two-electrode system.
Experimental

Synthesis of SGR particles
GO was prepared by the oxidation of graphite powder (Alfa Aesar, 99.99% purity) using the modified Hummers' method [8] . GO colloid (0.5 wt%) was reduced by L-ascorbic acid (L-AA;
Sigma-Aldrich, !99%) (weight ratio of L-AA/GO = 1.2) with various reaction times of 5, 15, 30, and 60 min in the liquid phase, while the reaction temperature was fixed at 95°C. The SGR was fabricated from the GR colloid by aerosol spray drying. The GR colloid was sprayed by a two-fluid nozzle, and the sprayed droplets were dried in a pre-heated chamber. The carrier gas flow rate was 10 L/ min, the precursor feed rate was 4.5 ml/min, and the chamber temperature was 200°C. Finally the SGR was collected in a sampler. The pH of the GO colloid in an aqueous dispersion (0.5 wt%) was adjusted using NH 3 ÁH 2 O (DAEJUNG, 25-28%). A schematic diagram of the SGR synthesis process is shown in Fig. 1 .
Analysis
UV-Vis (UV-Visible spectrometer S-4100, SCINCO) analysis was performed to measure the degree of GO reduction for various reduction times in liquid phase. The morphology of the asprepared SGR was observed by field emission scanning electron microscopy (FE-SEM; Sirion, FEI, USA). The crystallinity of the asprepared SGR was investigated by X-ray diffraction analysis (XRD; RTP 300 RC, Rigaku, Japan). The specific surface area was measured from the N 2 adsorption-desorption isotherms (BET; Tristar 3000, Micromeritics, USA) using the BET equation. The poresize distribution was analyzed from the desorption branches of the isotherms based on the Barrett-Joyner-Halenda (BJH) method.
Electrochemical measurement
The electrochemical performance of the supercapacitors was measured in a 5 M KOH aqueous electrolyte by using an electrochemical interface instrument (VSP, Bio-Logics, USA). The fabrication of the electrodes for the supercapacitors was carried out as follows. To prepare the electrodes, SGR was mixed with the GO colloid, which was employed as a binder. The mixture was pasted onto carbon paper and then dried at 250°C for 2 h. The electrodes were prepared by cutting out $2 cm 2 specimens that had a mass loading of 1.5-3 mg per electrode. KOH solution (5 M) was used as the electrolyte, and a piece of filter paper (Waterman, GF/C) was used as a separator. Cyclic voltammetry (CV) and galvanostatic charge-discharge tests were performed in the presence of the electrolyte. Electrochemical impedance spectroscopy (EIS) was also conducted in the frequency range of 100 kHz to 0.1 Hz.
Results and discussion
The degree of reduction of the GO colloid by L-AA was assessed by analysis of the UV-vis spectra and XRD patterns. Fig. 2 shows the UV-vis spectra of the GR colloid samples and the XRD patterns of the SGR in relation to the reduction times of 5, 15, 30, and 60 min. As the reduction progressed, the absorption peak of GR dispersion with L-AA became gradually red-shifted towards 240-295 nm, and the peaks of the initial GO at 230 and 300 nm eventually disappeared ( Fig. 2a) [23] . The peak intensity of absorbance clearly showed typical GR after 60 min. This means that the reduction of the GO was completed within 60 min. Fig. 2b shows the XRD patterns of the as-prepared SGR produced by aerosol spray drying using the colloid with reduction times of 5, 15, 30, and 60 min. The SGR exhibited broad diffraction peaks at 23-25.5° [ 24] . As the reduction time increased, the crystallinity of SGR also increased. Fig. 3 shows FE-SEM images of the SGR samples prepared under the conditions shown in Fig. 2 . The morphology of the SGR generally showed densely packed spheres, and the average size increased from 2 to 4 lm with increasing reduction time. It is also noted that the morphology of the SGR was more spherical and compact with longer reduction time because the degree of restack-ing of GR in the liquid phase increased with the degree of reduction of GO.
We also investigated the effect of the pH of the GO colloid on the characteristics of the morphology and specific surface areas of the as-prepared SGR. It was expected that densely compact SGR could be fabricated by the liquid phase reduction and followed the aerosol process from GO at pH 2 and pH 10 because high degree of dispersion of GO could be obtained in both conditions. Fig. 4a shows FE-SEM images of the as-prepared SGR at pH 2 (SGR2) and SGR at pH 10 (SGR10). The morphology of the as-prepared SGR10 was more spherical and compact than that of the SGR2. According to previous studies, the degree of dispersion of GR by pH can be explained by zeta potential analysis as follows, The colloid of GR dispersion has a zeta potential of À43 mV when the pH reaches 10 [22] . Zeta potential values greater than À30 mV are generally considered to exhibit sufficient mutual repulsion to ensure stability of dispersion, as is well known in colloidal science [25] . When the droplets are generated from the GR colloid fabricated at pH 10 by aerosol process, more densely compacted structure GR can be formed by the capillary force driven self-assembly of well dispersed GR sheets in the droplet during the solvent evaporation.
The specific surface areas of SGR2 and SGR10 were 155 m 2 /g and 216 m 2 /g, respectively. Moreover, the all SGR samples showed narrow pore-size distributions for micro-and meso-pores size (Fig. 4c ). SGR10 showed a higher pore volume of 0.3890 cm 3 /g in comparison to SGR2 (0.2133 cm 3 /g). We also compared the morphologies and specific surface areas of the as-prepared 2D structured GR sheet (2D GRs) (Figs. S1 and S2) and SGR (Fig. 4a ). Fig. S1 shows FE-SEM images of the 2D GRs fabricated with a GO concentration of 0.5 wt% without pH control, and an L-AA concen- tration of 0.6 wt%. The morphology of 2D GRs showed heavily stacked and wrinkled sheets. Regarding the specific surface area and pore-size distribution, the as-prepared 2D GRs showed a surface area of 62 m 2 /g and a pore volume of 0.1818 cm 3 /g (Fig. S2 ). Because the SGR can prevent severe restacking and aggregation of GR [26] , the specific surface area of the SGR was higher than that of 2D GRs. Also, the SGR contained more micro-and meso-pores than 2D GRs (Fig. S2b) .
The electrochemical performance of the as-prepared SGR2 and SGR10 was evaluated using a two-electrode symmetric system with a 5 M KOH electrolyte. As seen in Fig. 5a the CV curves show typical rectangular-like voltammograms, indicating the character of electrical double-layer capacitance obtained using a scan rate of 10 mV/s in the voltage range from 0 to 1.0 V. Fig. 5b shows the galvanostatic charge and discharge curves for the SGR electrodes, at a current density of 0.5 A/g in the voltage range from 0 to 1.0 V.
The specific capacitance of SGR10 was 182 F/g at 0.1 A/g. Also, SGR10 showed 88% capacitance retention, which was higher than that of SGR2 (143 F/g, 78%), as seen in Fig. 5c . Increased pH concentration can also increase the surface area by reducing the aggregation of rGO sheets, resulting in increased specific capacitance because the high pH concentration produces repulsive forces between individual layers of the GO sheet [7] . Besides, as NH 4 OH was employed as a pH control, oxygen functional group in the GR can enhance facilitating the surface redox reactions with electrolyte ions in aqueous and non-aqueous electrolytes by controlling pH with NH 4 OH in GO colloid, which contributes higher performance of electrochemical properties [27] .
For comparison, the specific capacitance of 2D GRs was 76 F/g at 0.1 A/g (Fig. S3 ). It was confirmed that the specific capacitance of SGR was higher than that of 2D GRs, suggesting a synergic effect of the spherical structure [28] . From these results, it is noted that SGR10 having high specific surface area and many pores can provide additional active sites and increase the contact area between the electrolyte solution and the active materials [29] [30] [31] .
Electrochemical impedance spectroscopy (EIS) measurements were also performed to investigate the resistance of SGR2 and SGR10 electrodes in the frequency range of 100 kHz to 0.01 Hz. Fig. 5d shows the Nyquist plots of the SGR2 and the SGR10 electrodes. The semicircular radius of SGR10 was smaller than that of SGR2, which can be attributed to the interfacial charge transfer reaction (Rct). When the pH of the GO colloid increased from pH 2 to pH 10, the radius of the semicircle decreased because the charge transfer resistance is related to the pH concentration of the GO colloid.
Conclusions
When L-AA was used as a reducing agent in a liquid phase reduction for 1 h, the complete reduction of GO was achieved. Our analysis showed that the GR colloid can be transformed into densely packed SGR by the aerosol process. It was found that SGR10 fabricated from the GO colloid was more spherical and densely structured than SGR2 because GO at pH 10 supported higher degree of dispersion than GO at pH 2. The as-prepared SGR10 (216 m 2 /g) exhibited a larger specific surface area than SGR2 (155 m 2 /g); thus, SGR10 showed higher specific capacitance (182 F/g) than SGR2 (143 F/g). This study demonstrated that SGR10 could be a highly promising electrode material for application in supercapacitors.
